Abstract. In this paper, a study on phytoplankton dynamics and size in the tropical coastal waters of Singapore is presented. Chlorophyll-a levels in the Singapore Strait generally range from 0.4 to 10 µg l -1 , with an average value of 1.7 µg l -1 . In general, higher chlorophyll concentrations are typically found off the east coast of Singapore, as well as in the shallower, more protected waters of the Johor Strait (maximum ~78 µg l -1 , average = 21.5 µg l -1 ). Seasonal trends in chlorophyll and nutrients are also apparent, with higher chlorophyll generally observed during the south-west monsoon compared with the wetter north-east monsoon. Size-fractionated chlorophyll measurements of the phytoplankton community show that for low standing stocks of chlorophyll less than 3 µg l -1 , approximately 40% of the phytoplankton lies in the pico-and small nanoplankton (<8 µm) size range. As total chlorophyll levels in the system increase, the relative contribution from the larger size classes (i.e. 8-20 and 20-100 µm) increases, with a subsequent decrease in the smaller size classes. For total chlorophyll greater than 40 µg l -1 , it was found that the 20-100 µm size class contributed 60% of total chlorophyll. In contrast, the <8 µm size class contributed only about 5% of total chlorophyll for these waters.
Introduction
Most environmental studies focus on the bulk measurements of chlorophyll, suspended matter and nutrients as a means of assessing the trophic state of an aquatic ecosystem. While these measurements are important, they do not necessarily draw out the relationships between primary producers and other organisms higher up the food chain. Changes in community structure and diversity, for example, may alter the food value even though the productivity of the system may remain the same. One method to provide greater insight into food web dynamics is to measure the size structure of the biological community. Empirical sizebased relationships of metabolic processes, such as respiration and growth rates, have been demonstrated from species to community level (Ahrens and Peters, 1991) . Thus, the flow of energy through food webs can be viewed as being linked to the sizes of micro-organisms, through allometric physiological processes Denman, 1977, 1978) and the transfer of biomass up and down the food chain (Silvert and Platt, 1980; Boudreau et al., 1991) .
Phytoplankton, in particular, play an important role in marine ecosystems because they form the basis of the food chain and hence, the pathways for carbon and energy fluxes (Ryther, 1969) . Studies of size-fractionated chlorophyll have shown that for open ocean waters, approximately 60 to 98% of the standing stock of chlorophyll is contributed by the pico-and nanophytoplankton (Berman, 1975; Glover et al., 1985; Hopcroft and Roff, 1990) . In contrast, coastal environments are generally dominated by microphytoplankton due to their competitive advantage in highly fluctuating nutrient environments (Kitchen et al., 1975; Malone, 1980) . Thus, changes in size structure can be used to reflect phytoplankton responses to perturbations in the environment, with implications for ecosystem function and health.
With the rapid development of coastal cities, increasing pressure is being placed on many coastal ecosystems. The incidence of eutrophication of coastal waters in South East Asia has increased dramatically in recent years, coinciding with increases in loading from domestic and industrial effluents, urban and agricultural run-off and reclamation works. Occurrences of harmful algal blooms have been reported in Hong Kong (Lam and Ho, 1989; Ho and Hodgkiss, 1995) and the Philippines (Estudillo et al., 1984; Bajarias and Relox, 1996) . The need to establish baseline characteristics and to understand the potential for eutrophication is particularly important for Singapore as it is one of the busiest ports in the world. The discharge of tanker ballast waters from shipping traffic potentially exposes the coastal waters to toxic or nuisance organisms, which can bloom under favorable conditions. In addition, the Singapore Strait lies at the crossroads of the Malacca Strait and South China Sea and is thus also influenced significantly by these neighboring seas. In this paper, the spatial and temporal distributions of chlorophyll and nutrients in Singapore's coastal waters are presented, with emphasis placed on the size structure of the phytoplankton community.
Method

Field sampling
Field sampling of the Singapore Strait was conducted from December 1996 to November 1999, according to the sampling scheme in Table I . Sampling stations were situated off the coast of Singapore, spanning the region from Pulau Pawai in the south-west to Changi in the east (Figure 1 ). Vessel positioning during sampling surveys was accomplished with a global positioning system (GPS). At each sampling station, characterization of the water column was carried out using a combination of in situ and discrete water sample measurements. In situ depth profile measurements of temperature, salinity, dissolved oxygen (either Valeport 600 or YSI 6000), fluorescence (AQFL-100MG) and beam transmittance (AQTU-660NM) were made from the sea surface to approximately 1-2 m above the sea bed (to avoid entanglement with debris and corals). In addition, Secchi depths were taken to give an estimate of water clarity. Additional surface samples were also collected from a number of locations in the Johor Strait ( Figure 1 , Table  I ). Overall, the sampling stations were situated between latitude 1°09ЈN and 1°29ЈN, and longitude 103°38ЈE and 104°06ЈE.
A 4 l Niskin sampling bottle was used to collect water from the Singapore Strait at three depths, i.e. 1 m below the sea surface, mid-depth and 1-2 m above the sea floor. On deck, the sampling bottle was sub-sampled for nutrients (nitrate, nitrite, ammonia, phosphate, total nitrogen and total phosphorus), chlorophyll and suspended material. Samples for dissolved inorganic nutrients were filtered through membrane filters (0.45 µm nominal size) and subsequently stored in a freezer (-20°C) before laboratory analysis. Whole seawater samples were also frozen for total nitrogen and total phosphorus measurements.
For extracted chlorophyll measurements, 100-1000 ml of sample were filtered through 0.45 µm membrane filters, except for the earlier cruises (December Table I . Sampling scheme for stations illustrated in Figure 1 
Sampling dates Stations
Singapore Strait December 3-5, 1996 3-5, 13-103 March 10-12, 1997 (as shown in Figure 1 ) June 16-18, 1997 August 11-13, 1997 * November 24-26, 1997 December 15-17, 1997 February 24-26, 1998 July 8-10, 1998 August 18-20, 1998 December 2-3, 1998 July 19-21, 1999 August 10-12, 1999 October 11-13, 1999 November 23-25, 1999 East Johor Strait May 7,22, 1998 E3 June 13, 1998 E3 July 2,20, 1998 E3 October 1, 13, 1998 E3 November 11, 1998 E3 December 14, 1998 E3 November 11, 1999 E4-E10 West Johor Strait September 9, 1999 W1-W7 *Only CTD data were collected.
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http://plankt.oxfordjournals.org/ Downloaded from 1996-June 1997) where GF/F filters were used. Approximately 1-2 ml of 1% (w/v) MgCO 3 suspension were added during filtering to assist in both retaining particulate matter and counteracting any acidity that may develop later during extraction (Boney, 1989) . The filters were then wrapped in foil and frozen before extraction. In addition, size-fractionated chlorophyll was measured (from February to August 1998) using the following size classes: <8 µm; <20 µm; <100 µm; <200 µm. Duplicate water samples were filtered either by gravity or at low vacuum pressure (125 mm). Additional size fractions <1 µm, <5 µm and <10 µm were collected from December 1998 to November 1999. Plankton net tows (vertical haul of 10 m) were also conducted to concentrate cells greater than 10 µm. The samples were then preserved with formalin (final concentration of 4%) for subsequent analysis using a Nikon Optiphot-2 microscope. In addition, 2 ml samples of sea water were collected for flow cytometry analysis. These samples were fixed with glutaraldehyde (final concentration of 0.1%) and subsequently stored in liquid nitrogen (Gin, 1996) . The samples for total suspended solids (250 ml) were filtered through 0.45 µm membrane filters, except for the earlier cruises (December 1996 to August 1997 where GF/F filters were used. The filters were subsequently placed in labelled aluminium dishes and dried over desiccant before laboratory analysis.
Laboratory analysis
Laboratory analysis of phosphate and ammonia was carried out using a Technicon Autoanalyzer, TRACCS 800. Nitrite and nitrate concentrations were measured with a cadmium reduction column, where nitrate was reduced to nitrite and subsequently detected using the colorimetric method (APHA, 1995) . For total nitrogen and total phosphorus measurements, samples were first digested with potassium persulfate and heated in an autoclave for 30 min before analysis of nitrate and phosphate, respectively (Koroleff, 1983) .
For measurements of total suspended solids (TSS), samples were dried in an oven for 2 h, placed in a dessicator for several hours and then weighed with an analytical balance. The cycle of drying, cooling and weighing was repeated until a constant weight was obtained, or until the weight change was less than 4% of the previous weight or 0.5 mg, whichever was smaller. The readings normally stabilized after two to three drying cycles.
Chlorophyll was measured according to the method of Strickland and Parsons (Strickland and Parsons, 1968) . The chlorophyll filters were first ground and then extracted with 90% acetone for 24 h in a refrigerator (4°C). The contents were subsequently centrifuged for 15 min (at 4500 rev min -1 in a Kubota KR-1500 centrifuge), after which the clear supernatant fluid was analysed with a spectrophotometer (Shimadzu UV-160A). Chlorophyll concentration was calculated using the equations developed by Jeffrey and Humphrey (Jeffrey and Humphrey, 1973) . Samples for flow cytometry and microscope analysis were carried out according to the protocols in Gin et al. (Gin et al., 1999a) .
The data collected were analyzed using the one-way ANOVA test (software Sigmastat 2.0) with significance level at P < 0.05.
K.Y.-H.Gin, X.Lin and S.Zhang Results
Baseline water quality characteristics
A summary of the environmental characteristics of the Singapore Strait and Johor Strait are shown in Table II . In general, temperature and salinity variations in the tropical waters of the Singapore Strait are small, with temperatures ranging from 28.3 to 31.2°C and salinity ranging from 28.7 to 32.2 ppt. Similar readings were reported by Tham (Tham, 1953) . The circulation patterns are largely driven by two dominant monsoon seasons: the north-east monsoon (December to February) and the south-west monsoon (June to August). During the wetter north-east monsoon, a net transport of water from the South China Sea is observed, resulting in slightly lower temperatures and higher salinity in the Strait. Conversely, during the south-west monsoon, water from the Java Sea and Malacca Straits is transported through the Singapore Strait, leading to slightly higher temperatures and lower salinity in the Singapore Strait ( Figure 2 ). Overall, there is little vertical variation in temperature and salinity from surface to bottom waters, indicating that the water column is generally well mixed throughout the year ( Figure 3 ). For the Johor Strait, measurements of salinity were generally lower (19-33 ppt, average = 28 ppt) than the Singapore Strait (Table I ). This is due to the freshwater inflows from the Johor River and other rivers draining into the Johor Strait.
Dissolved oxygen (DO) levels in the water column ranged from 6 to 8 mg l -1 (or about 90-120% saturation). As expected, DO levels were higher near the surface, due to re-aeration from the atmosphere and photosynthesis, and subsequently decreased with depth, typically over a range of about 1 mg l -1 (Figure 3 ).
Phosphate concentrations in the Singapore Strait ranged from non-detectable (n.d.) to 0.024 mg l -1 (average = 0.01 mg P l -1 ) and comprised about 40-95% of total phosphorus (TP). Ammonium levels (average = 0.015 mg N l -1 , range from n.d. to 0.053 mg N l -1 ) were generally lower than nitrate + nitrite levels (average = 0.037 mg N l -1 , range from 0.005 to 0.078 mg N l -1 ) (Table II) . In general, seasonal trends in phosphate and nitrite + nitrate concentrations were similar, with slightly elevated concentrations during the south-west monsoon but lower concentrations during the north-east monsoon (Figure 4 ). However, in the case of ammonia, no seasonal trend was observed. In general, the vertical distribution of phosphorus was fairly uniform with depth, whereas nitrite + nitrate showed slightly more variability with depth ( Figure 5) .
Overall, nutrients levels in the Johor Strait were statistically higher than those of the Singapore Strait (P < 0.05) (Figure 4 , Table II ). The mean nitrate + nitrite value in the Johor Strait was 0.146 mg l -1 , which is four times that of the Singapore Strait. Ammonium concentrations in the Johor Strait averaged 0.098 mg l -1 , roughly seven times higher than the Singapore Strait, while phosphate and TP concentrations were about four times those of the Singapore Strait. In general, nutrient concentrations in the Johor Strait fluctuated widely and no clear seasonal trend was evident.
Chlorophyll levels in the Singapore Strait generally ranged from 0.5 to 10 µg l -1 , with an average of 1.7 µg l -1 ( Figure 6 ). As with nutrients, seasonal trends Phytoplankton in coastal waters of Singapore (Koh, 1998) .
by guest on January 13, 2016 http://plankt.oxfordjournals.org/ Downloaded from in chlorophyll were apparent, with higher chlorophyll observed during the southwest monsoon (average = 2.3 µg l -1 ) compared with the wetter north-east monsoon (average = 1.4 µg l -1 ) (P < 0.05). In terms of vertical distribution, phytoplankton biomass was generally concentrated in the upper 5-10 m layer, although in many shallow inshore waters where the euphotic zone reaches the sea bed, chlorophyll concentrations were uniform throughout the water column. Based on Secchi depth readings, the euphotic zone was typically between 4 and 9 m. Water by guest on January 13, 2016 http://plankt.oxfordjournals.org/ Downloaded from As with nutrient levels, chlorophyll concentrations in the Johor Strait (average = 21.5 µg l -1 ) were generally much higher than those of the Singapore Strait (P < 0.05) (Figure 6 ). There was also greater fluctuation in chlorophyll levels in the Johor Strait, with values ranging from about 1 to 78 µg l -1 .
Phytoplankton community structure
Total cell counts of net phytoplankton (>10 µm) using a microscope revealed that cell abundance in the Singapore Strait (average = 70 000 cells l -1 , range 41 000-93 000 cells l -1 ) was only about 10-20% that in the East Johor Strait. About 11 major phytoplankton groups in the Singapore Strait were identified compared with eight groups in the East Johor Strait. The dominant phytoplankton (>10 µm) in the Singapore Strait were Skeletonema, Chaetoceros, Eucampia cornuta, Rhizosolenia stotlerforthii and Eucampia zoodicus (Figure 7) . Although Skeletonema was also a dominant species in the East Johor Strait, it only formed about 14% of the total phytoplankton community (>10 µm), compared with 35% in the Singapore Strait. Tintinnopsis also dominated in the East Johor Strait, but was relatively rare in the Singapore Strait. For cells smaller than 10 µm, preliminary analysis using flow cytometry showed that the single-celled cyanobacterium, Synechococcus, is prevalent (Figure 8 ). This population is generally about 1-3 µm in size, and can be discriminated from other phytoplankton groups by its small size and orange fluorescence due to blue light excitation of its phycobilisomes.
Size-fractionated chlorophyll measurements from February 1998 to November 1998 showed that during the north-east monsoon (February) when chlorophyll levels are relatively low (<2 µg l -1 ), the dominant phytoplankton group generally lies in the pico-and small nanoplankton (<8 µm diameter) size range ( Figure 9A ). On average, the proportion of this size class is roughly 40% of total chlorophyll, except for one deep location (station 71-total depth 100 m) where a lower fraction (about 20%) was recorded (P < 0.05). More variability was associated with the larger size classes, particularly with the 8-20 and 20-100 µm size classes. The percentage contribution from these two classes varied considerably from station to station, with no clear spatial trend. For the very large size classes of >100 µm, the percentage contribution to chlorophyll was generally low (ranges from 6 to 20%), with the exception of stations 39, 84 (February 1998) and 73 (August 1998) where the proportion increased significantly to 30% (P < 0.05).
During the south-west monsoon (June to August), chlorophyll levels were generally higher than those of the north-east monsoon. Whereas most regions showed concentrations elevated about twofold, the east coast stations (73 and 84) showed a dramatic increase of about 10-fold (P < 0.05). The corresponding spatial distributions of size-fractionated chlorophyll showed a clear difference in phytoplankton size structure between these stations and elsewhere ( Figure 9B, C) . In particular, it is noted that smaller cells in the <8 µm size class form a lower percentage of total chlorophyll (about 20%) for these two stations, compared with more than 40% for other stations (P < 0.05). Thus, larger size classes dominated at the higher chlorophyll stations on the east coast, with the dominant fraction being in the 20-100 µm size class and >100 µm size class. Overall, the microplankton contributed about 65% of the total chlorophyll for these two stations, whereas the contribution at other stations generally ranged from 14 to 48% (P < 0.05).
In contrast to the Singapore Strait, the sampling stations in the Johor Strait were considerably more eutrophic, with widely fluctuating chlorophyll concentrations, sometimes reaching as high as 78 µg l -1 . The corresponding changes in size-fractionated chlorophyll are shown in Figure 9D . As total chlorophyll levels increased, the relative contribution from the larger size classes (i.e. 8-20 and 20-100 µm) also increased. In particular, the 20-100 µm size class showed greater sensitivity, with contributions of about 60% for total chlorophyll levels greater than about 40 µg l -1 . In contrast, the smaller <8 µm size class contributed a mere 5% of the total chlorophyll.
From December 1998 to November 1999, additional filter sizes of 1 µm and 5 µm were applied to investigate further the <8 µm phytoplankton size fraction (Figure 10) . The results showed that the <1 µm size fraction generally contributed about 10-20% when total chlorophyll was less than 4 µg l -1 , but less than 3% when chlorophyll levels were greater than 40 µg l -1 . The <5 µm size fraction generally contributed about 20-30% of total chlorophyll when total chlorophyll was less than 4 µg l -1 , but decreased to around 4% when total chlorophyll was greater than 40 µg l -1 . On the whole, the pico-and small nanoplankton (<1 and 5-10 µm size classes) contributed significantly higher proportions to total chlorophyll in the Singapore Strait compared with the Johor Strait, whereas the reverse was true for the microplankton (20-100 µm size class) (P < 0.05).
Discussion
In our study of the Singapore Strait, overall chlorophyll concentrations were relatively low at about 1 to 3 µg l -1 , although local areas off the east coast and the Johor Strait showed episodic, elevated levels of chlorophyll ranging from 5 to 80 µg l -1 . In terms of nutrients, phosphate in the Singapore Strait ranged from nondetectable levels to 0.024 mg P l -1 , nitrate + nitrite levels ranged from 0.005 to 0.078 mg N l -1 , while ammonium ranged from non-detectable to 0.053 mg N l -1 . Unlike temperate waters which experience wide fluctuations in phytoplankton abundance due to seasonal changes in temperature and inputs of nutrients, the large fluctuations in chlorophyll for the marine waters of Singapore are due mainly to variable anthropogenic inputs. In particular, point source and nonpoint source nutrient discharges coupled with suitable tidal conditions (e.g. neap tides) in the shallow waters of the Johor Strait frequently result in algal blooms with extremely high chlorophyll values. In addition, mixing and dilution of waters in the Johor Strait are hindered by a causeway located mid-way in the narrow Strait (Figure 1) . However, for offshore waters in the Singapore Strait, chlorophyll and nutrient concentrations are generally much lower due to the good mixing and through-flow flushing characteristics in the Strait.
Although the tropical waters of Singapore are subject to relatively high temperature and light levels throughout the year, overall chlorophyll concentrations in the Singapore Strait remain low. Presumably, nutrients are rapidly taken up by phytoplankton, which explains the generally low levels of nitrogen and phosphorus measured. There is also some seasonal variation in nutrients and chlorophyll due to the different monsoons. In general, slightly higher values were recorded during the south-west monsoon compared with the north-east monsoon. This is partly due to the changes in flow pattern and direction between the two seasons, as flows enter the Strait primarily from the Malacca Strait and Java Sea during the south-west monsoon but are reversed during the north-east monsoon. In addition, heavier precipitation is generally observed during the north-east monsoon, which could result in greater dilution of environmental parameters. Another factor which could contribute to lower chlorophyll concentrations in the Singapore Strait is the reduction in light levels in nearshore coastal waters due to the higher turbidity generated from extensive land reclamation and construction activities along the north-east coastline and southern islands.
The only other comprehensive survey of phytoplankton in Singapore's waters was conducted in the early 1950s (Tham, 1953) . The results of this early study showed that the phytoplankton community was dominated by diatoms (generally confined to surface layers), with higher concentrations usually found during the inter-monsoon period between April and May (2500 cells l -1 ). Similar concentrations were also found in the Johor Strait, which were attributed to inflows from the Singapore Strait into the Johor Strait (Khoo, 1966) . In the present study, analysis of net samples (i.e. greater than 10 µm) showed that diatoms similarly dominate the phytoplankton community, especially chain-forming centric genera such as Skeletonema and Chaetoceros. However, the cell counts for this study (average in the Singapore Strait = 70 000 cells l -1 , average in the Johor Strait = 500 000 cells l -1 ) far exceeded the earlier measurements. In a span of 50 years during which Singapore has undergone rapid economic and population growth, the level of coastal eutrophication has increased about 30-fold for the Singapore Strait and about 60-fold for the Johor Strait. However, in spite of the large difference in phytoplankton numbers over time, the level of phosphate and nitrite + nitrate in the Singapore Strait has not changed significantly (phosphate in the 1970s ranged from 0.003 to 0.033 mg P l -1 while nitrite + nitrate ranged from 0.048 to 0.082 mg N l -1 ) (Tham, 1973) . This could be due to the rapid uptake of nutrients by phytoplankton, given the warm, tropical climate and favorable conditions for growth. Unfortunately, TN and TP measurements (which also reflect phytoplankton biomass) were not made in the earlier studies so we were unable to compare these results directly. In the case of ammonia, however, a 10-fold increase was observed from the 1970s to the 1990s. This may be the result of increased organic loading into the coastal zone and subsequent mineralization to ammonia. (Note that current nutrient levels in the Johor Strait are approximately 4-10 times higher than those of the Singapore Strait.)
Occasional algal blooms have been reported in Singapore waters, particularly of the blue-green alga, Trichodesmium erythraem, during the slightly warmer south-west monsoon (Tham, 1973; Koh, 1998) . Presumably, the nitrogen-fixing capabilities of these phytoplankton help to place them at a competitive advantage over other species. For the Johor Strait, a number of bloom types have been observed, including single or mixed assemblages of chain-forming diatoms, cyanobacteria blooms of Trichodesmium sp., and dinoflagellate blooms of photosynthetic Gymnodimnium-like species and Cochlodinium sp. (Michael Holmes, personal communication) . Cochlodinium blooms have been previously implicated in fish kills in the Johor Strait in 1987 (Khoo and Wee, 1997) . The frequent occurrence and wide variety of blooms in the Johor Strait compared with the Singapore Strait is mainly due to the variable nature of anthropogenic inputs into the Johor Strait. The resulting phytoplankton assemblage is generally skewed towards larger size classes, as shown by the size-fractionated chlorophyll measurements. In contrast, the Singapore Strait is generally dominated by smaller cells, particularly those less than 8 µm.
Many studies have shown that tropical and sub-tropical oligotrophic (open ocean) waters are dominated by small cells in the pico-and nanoplankton size range (Hewes et al., 1990; Jochem and Zeitzschel, 1993a; Caron et al., 1995) . In such waters, the fraction of pico-and nanoplankton is generally greater than 70% (Detmer and Bathmann, 1997) , with picoplankton alone sometimes accounting for 90% of total chlorophyll (Jochem and Zeitzschel, 1993b) . Studies using flow cytometry have shown that the predominant cells in these waters are Prochlorococcus (~0.7 µm) and Synechococcus (~1-2 µm) (Olsen et al., 1990) . For the coastal waters of Singapore, measurements of size-fractionated chlorophyll show that picoplankton and small nanoplankton (<5 µm) generally contribute a smaller percentage of total chlorophyll, typically between 6 and 30% (total chlorophyll ranging from 0.8 to 3.5 µg l -1 ), comparable with data from other coastal regions (Iriarte, 1993) . Using flow cytometry, it was shown that most of the cells in this size range are Synechococcus, with no evidence of the smaller Prochlorococcus. Similarly, in another study of coastal waters in Massachusetts Bay, the smallest picoplankton detected was the slightly larger Synechococcus. These findings are consistent with the higher nutrient levels in coastal waters compared with open ocean waters (Gin, 1996) .
As total chlorophyll in the system increases commensurate with nutrient increases, the proportion of large cells increases, contributed mainly by nano-and microplankton (Robles-Jurero and Lara-Lara, 1993; Gin et al., 1999b) . In studies of Antarctic coastal waters, Holm-Hansen et al. (Holm-Hansen et al., 1989) observed that when total chlorophyll increased to 8 µg l -1 , cells smaller than 10 µm contributed about 25-30% of chlorophyll. Similarly, in our study of Singapore coastal waters, the proportion of cells in the <8 µm fraction was generally about 20% when total chlorophyll was greater than 3 µg l -1 . In the particular cases where total chlorophyll exceeded 20 µg l -1 , the proportion of small cells (especially picoplankton <1 µm) decreased further to less than 5% (P < 0.05). During these blooms, a significant fraction of total chlorophyll is contributed by the larger 10-20 µm or 20-100 µm size classes, or both. In contrast, when chlorophyll levels are less than 3 µg l -1 , the smaller (<8 µm) size fraction increases to about 40%, while the proportion of larger cells drops accordingly.
In terms of absolute values of size-fractionated chlorophyll, studies in the Mediterranean Sea have shown that an upper boundary exists for the different size fractions, such that as total chlorophyll in a system increases, the chlorophyll is progressively added by larger cells (Raimbault et al., 1988) . One possible reason for an upper limit to the different size categories lies in the metabolic constraints of size. As nutrient concentrations increase under constant light intensity, the growth rate of a particular size class of phytoplankton increases until eventually, some maximum is reached according to Michealis Menten kinetics (Thingstad and Sakshaug, 1990 ). Maximum growth rates are known to be inversely related to size, following a power law function (Peters, 1983) . Once the growth rates of small cells are saturated, ambient nutrient concentrations can then increase enough to allow larger phytoplankton (with larger half-saturation constants) to grow. In the study by Raimbault et al. (Raimbault et al., 1988) , the upper limits reached for the <1 µm, <3 µm and <10 µm size classes were 0.5 µg l -1 , 1 µg l -1 and 2 µg l -1 , respectively, when total chlorophyll was less than 5 µg l -1 . In the present study, the maximum chlorophyll value for the <1 µm size fraction ranged from 0.2 to 0.8 µg l -1 when the total chlorophyll level was less than 4 µg l -1 , consistent with the findings from Raimbault et al. (Raimbault et al., 1988) . However, for larger total chlorophyll levels observed in our study (i.e. beyond the range reported by Raimbault et al.) , the upper bound for the different size classes increased further; in the case of the <1 µm fraction, the maximum value increased to about 1 µg l -1 compared with 0.5 µg l -1 observed by Raimbault et al. (Raimbault, et al., 1988) and in the case of the <10 µm size class, the upper boundary value increased to about 5 µg l -1 compared with 2 µg l -1 (Figure 11 ) (Raimbault al., 1988) . Whether or not our data for more eutrophic waters apply to other regions remains to be tested, but the evidence for an approximate upper boundary to different size fractions as total chlorophyll increases suggests that there is a clear pattern in which the phytoplankton community is structured in response to nutrient inputs.
